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Influence of Yb:YAG Laser Beam Parameters
on Haynes 188 Weld Fusion Zone Microstructure
and Mechanical Properties
JE´RE´MIE GRANEIX, JEAN-DENIS BEGUIN, JOE¨L ALEXIS, and TALAL MASRI
The weldability of 1.2 mm thick Haynes 188 alloy sheets by a disk Yb:YAG laser welding was
examined. Butt joints were made, and the influence of parameters such as power, size, and shape
of the spot, welding speed, and gas flow has been investigated. Based on an iconographic
correlation approach, optimum process parameters were determined. Depending on the
distribution of the power density (circular or annular), acceptable welds were obtained. Powers
greater than 1700 W, welding speeds higher than 3.8 m mm!1, and spot sizes between 160 and
320 lm were needed in the circular (small fiber) configuration. By comparison, the annular
(large fiber) configuration required a power as high as 2500 W, and a welding speed less than
3.8 m min!1. The mechanical properties of the welds depended on their shape and
microstructure, which in turn depended on the welding conditions. The content of carbides,
the proportion of areas consisting of cellular and dendritic substructures, and the size of these
substructures were used to explain the welded joint mechanical properties.
I. INTRODUCTION
LASER welding, in particular with a CO2 source, has
been widely developed for many applications, because of
its many advantages, such as low heat input, small
heat-affected zone (HAZ), low distortion rate, and high
welding speed.[1–3] Welding of metals, such as superal-
loys, with a YAG laser beam has still not been adopted in
industry due to thermal management issues leading to
low-energy laser beams.[4,5]However, these technological
problems have been solved with the emergence of new
disk sources that achieve higher power levels of 9 kW
with excellent optical quality.[6,7] These new sources
present many other benefits: thin disk lasers provide a
higher level of reliability; lower electrical power supplies
are needed; and larger Rayleigh ranges are achieved.[8]
Furthermore, Nd:YAG or Yb:YAG lasers can be
delivered via optical fibers, opening up a large field of
3D applications of robotic cutting or welding.
Different types of cracks and HAZ liquation can
occur in weldments of superalloys: hot cracking,[9]
liquation cracking,[10] and cracking after annealing
treatment. To improve their weldability, superalloys
must have a small grain microstructure[11] and not be
pre-weld heat treated,[12] and their total content of
aluminum and titanium must be less than 6 wt pct.[13] A
small number of works on laser welding of Haynes 188
alloy have been published. Odabasi et al.[14] analyzed the
geometries of CO2 laser welds as a function of the
energy implementation. They showed that the width of
the welds and more generally the fusion zone (FZ)
volume increased with the amount of energy used.
Yilbas et al.[15] demonstrated a fine dendritic structure at
the center of the FZ, including a few marked HAZ. This
result was also obtained by Caiazzo et al.[16] for
dissimilar welding of Haynes 188—Inconel 718 by a
laser process. They estimated the thickness of the HAZ
to be approximately 20 lm. Odabasi et al. observed by
optical microscopy no HAZ or cracks at the interface of
the base material (BM) with the FZ, but noted a
gradient in hardness between these two zones over
several hundred microns. Electron probe micro analysis
(EPMA) measurements performed by Makino et al.[17]
showed that the FZ composition was identical to that of
the BM after laser welding. There was thus no loss of
chemical elements by spraying. Odabasi et al. calculated
a partition coefficient, noted k, for the major chemical
elements; this partition coefficient was close to 1. They
also showed that the tendency to segregation was low in
the CO2 welding of Haynes 188 alloy.
Makino et al. were also interested in the mechanical
properties of welded joints obtained by TIG and CO2
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laser welding of Haynes 188 alloy sheets.[17] For the
whole temperature range of measurement during the
mechanical tests, the yield strength of the welds was
almost the same as that of the parent metal. The
maximum strength and ductility were 95 and 60 pct of
those of the parent metal, respectively. It should be
noted that welds made by laser have a better resistance
than TIG welds, but a lower ductility. The failure modes
of TIG and laser specimens were comparable, and the
rupture occurred at the center of the molten zone.
Odabasi et al. furthermore showed that the beads
mechanical properties were inferior to those of the
parent material.[14] These mechanical properties deteri-
orated with increasing energy used, which was attributed
by the authors to an increase in the interdendritic
spacing. The fracture of welded samples was described
as ductile. It started at tungsten- and lanthanum-rich
precipitates, and spread between dendrites. Yilbas et al.
studied by finite element simulation the evolution of the
thermal gradient and mechanical stresses generated
during laser welding of Haynes 188 alloy sheets.[15]
During heating, mechanical stresses are low because of
low stiffness values at high temperatures. In contrast,
from the first moments of cooling, mechanical stresses
can reach high values in areas of high temperature
gradients.
In the present study, Yb:YAG laser welding of
Haynes 188 alloy sheets was carried out. Optimal
welding parameters were identified. The microstructure
and mechanical properties of these optimized welds were
characterized. The fusion zone shape and final solidifi-
cation structure of this alloy were evaluated as a
function of the laser parameters.
II. EXPERIMENTAL METHODS
A cobalt-base Haynes superalloy 188 sheet of 1.2 mm
thickness and with an average grain size about 70 lm
(#4.5, ASTM E112 standards) was used as a base
material. The sheet was solution annealed at 1448 K
(1175 "C) for 1 hour, and this was followed by water
quenching. The alloy chemical composition was deter-
mined using an optical emission spectrometer (Foun-
dry-Master Xpert, Oxford), and found to be (in wt pct)
23.9 Ni, 22.1 Cr, 14.1 W, 2.02 Fe, 0.09 C, 0.79 Mn, 0.30
Si, and the rest Co. The samples were cut and
butt-welded by a TRUMPF TruLaser Cell 3000
machine. The laser beam was a Yb:YAG TruDisk with
a maximum continuous-wave power of 3.3 kW, and
equipped with a special optical fiber comprising a
100 lm core fiber and a 400 lm coaxial fiber. A circular
and an annular cross-section of the laser beam may be
obtained at the focal point using the 100 lm core fiber
and 400 lm coaxial fiber, respectively. The use of either
fiber configuration provided an adjustment range of the
focal diameter from 110 to 370 lm for the core fiber,
and 450 to 750 lm (outer diameter of the core) for the
coaxial fiber. Focal diameters between 370 and 450 lm
were therefore inaccessible. For the 400 lm coaxial
fiber, the inner diameter remained relatively constant for
a fixed spot size and variable power values. On the other
hand, it gradually increased from 200 to 314 lm as the
diameter of the spot increased from 500 to 750 lm.
Hereafter, the acronyms SFC and LFC (for small and
large fiber configurations) will be used to refer to the 100
and 400 lm fiber configurations, respectively.
A PowerMonitor# was used to measure the power
output of the Yb:YAG laser source. A FocusMonitor#,
made by PRIMES, was used to achieve the beam caustic
specified in the standard ISO 11146 2005.
The samples were cut perpendicularly to the weld line
for the microstructural characterization, while they were
mechanically polished and then etched with a 96 pct
HCl+4 pct H2O2 solution for 2 seconds for the optical
and scanning electron microscope (SEM) observations,
and the electron backscatter diffraction (EBSD) analysis.
Mechanical polishing was performed according to the
following procedure: after a surface grinding with a
40 lm grain SiC paper, the specimens were polished with
diamond pastes of 3, 1, and 0.25 lm granulations for a
few minutes each. The microstructure was observed
under an optical microscope and a scanning electron
microscopy-field emission gun (SEM-FEG) microscope
(JEOL 7000F). All EBSD analyses were performed using
a SEM equipped with a phosphor screen and a
charge-coupled device (CCD) camera (OXFORD
Nordlys Fast camera). A 0.5 lm step size was used for
scanning the samples. The EBSD data were then
post-processed using the commercial orientation imag-
ing software package Oxford Channel 5. To minimize
measurement errors, all grains comprising less than 3
pixels were automatically removed from the maps prior
to data analysis. To determine the microstructure of the
Haynes 188 alloys and welds more precisely, in particular
to elucidate the nature of the precipitates, diffraction
analyses were performed at the European Synchrotron
Radiation Facility (ESRF). All the analyses were carried
out on beamline ID15 with a wavelength of 0.0142222
nm. Eight calibration tests were conducted with four
beam sizes and two sample-detector distances on a CeO2
powder (a = 0.541165 ± 0.0000059 nm, crystallite
size = 380 ± 4.5 nm without micro stress). Varying
the sample-detector distance was used to improve the
precision of the lattice parameter measurements, while a
smaller beam size was used to increase the number of
diffraction peaks at the expense of accuracy. All values
were calculated on the peak corresponding to the (311)
plane of the fluorite structure of the CeO2 powder.
Tensile tests were performed on the Haynes 188 alloy
and welds using a DEBEN 5 kN machine with a strain
rate of 1.1 9 10!3 s!1. The results were compared with
those determined for the reference alloy. The local
mechanical behavior of different welds was furthermore
analyzed by an image correlation method during the
tensile tests using a camera system coupled to the 2M
ARAMIS software (GOM).
To identify the influential parameters of the welding
process while at the same time streamlining testing, an
experimental design was established using the CORICO
software.[18] The CORICO method is based on an
analysis of partial correlations between all the variables
of the experimental design.[19] The CORICO software
calculates correlations between factor and responses,
and retains only significant correlations. Four parame-
ters were selected for this study: the laser power (500 to
2500 W), speed welding (1 to 8 m min!1), the focal
diameter (110 to 750 lm) and the gas flow. The position
of the focal point relative to the surface of the sheet was
not investigated, as a previous study of the laser beam
showed its minor role in view of the very large Rayleigh
length.
III. RESULTS AND DISCUSSION
A. Domain of Weldability of Haynes 188
Dimensional limits for specific common imperfections
in laser beam fusion welding are provided in the referred
specifications EN ISO 6947; in particular, square joints
in butt configurations need to be checked in terms of
their reinforcement, low weld, drop-thru, underfill,
undercut, and shrinkage groove. To validate the weld-
ability of these alloys, the dimensions of the weld section
were measured and compared to those given in the
standard specifications EN ISO 6947. The domain of
weldability of the Haynes 188 alloy as a function of the
input heat energy and power density is shown in
Figure 1(a). Welds complying with the standard speci-
fications were obtained for a power density greater than
103 kW cm!2, an input heat energy higher than
6 kJ cm!2, and a power density/input heat energy ratio
greater than 100. Macroscopic observations of the weld
cross-section allowed us to distinguish three shapes of
weld according to its width/height ratio (Figure 1(b)).
The weld shape was found to depend on the welding
mode. Welds made in SFC generally had a keyhole
shape, characteristic of the keyhole mode. The power
density in SFC was always greater than 103 kW cm!2,
which is the minimum power density required for the
formation of a capillary metal vapor,[20] allowing the
keyhole mode. In this mode, a narrow, deeply penetrat-
ing vapor cavity, or keyhole, is formed due to local
vaporization. The keyhole is surrounded by a thin layer
of molten material which is maintained by an equilib-
rium between vapor pressure, surface tension, and
hydrostatic pressure. The material at the leading edge
melts and flows around the keyhole, solidifying to form
a deep, narrow weld seam. On the other hand, the power
density in LFC measured at the focal position never
exceeded 2.103 kW cm!2, which makes the keyhole
mode impossible. The welds obtained in LFC had
indeed the characteristic shape of welds made in the
conduction mode.
This study was completed by the establishment of
regression models based on process parameters to
determine the optimal welding parameters. The execu-
tion of the multiple regression program under CORICO
yielded logical interaction-based models. The optimiza-
tion took into account all the geometric criteria specified
in the standard EN ISO 11146 2005 and the mechanical
properties of the welds. We considered as optimal
welding parameters those which minimized the size of
defects (low weld, drop-thru, underfill, undercut, and
shrinkage groove) while maximizing the width of the
weld, gas shield, and mechanical properties (ultimate
tensile strain and elongation at rupture).[18] The corre-
sponding optimal welding parameters are given in
Table I.
B. Microstructure of Optimized Welds
In an attempt to establish a link between the process
parameters, and the shape and size of the fusion zone,
data such as the focal diameter and power density
distribution were displayed on a same figure alongside
the macrographs of the welds (Figure 2). For the welds
obtained in the keyhole mode (SFC), the width of the
Fig. 1—(a) Domain of weldability of 1.2 mm thick sheets of alloy Haynes 188. (b) Areas of power density and input heat energy values yielding
similar weld shapes of Haynes 188.
Table I. Parameter Values for Optimized Welds According
to Criteria Based on the Standard ISO 11146 2005
SFC LFC
Laser power (W) 2097 2353
Welding velocity (m min!1) 4.12 1.39
Focused beam diameter on the surface (lm) 370 750
Shielding gas flow rate (L min!1) 33 40
bead was determined by the laser beam diameter at the
focal point. The phenomena of conduction and convec-
tion were minimal in this case. If the power density is
less than that required to create a capillary and the
welding speed is low, conduction and convection modes
are promoted with the LFC fiber. The bead width was
then greater than the maximum diameter at the focal
point.
Micrographic observations of the bond line between
the fusion zone and the parent metal showed no
intergranular cracking in LFC (Figure 3). However,
some grain boundaries were embossed on the surface,
which points to a liquation phenomenon due to the
generation of a HAZ during laser welding. This phe-
nomenon did not cause any grain-coarsening
phenomenon.
The different solidification substructures (cellular or
dendritic) were determined for each optimized weld
from many observations by optical and scanning elec-
tron microscopy at magnifications higher than 9500.
Both dendritic and cellular zones are highlighted in the
welds shown in Figure 4. As shown by some
authors,[21,22] cellular substructures are located close to
the weld-parent metal interface, while dendritic sub-
structures are dominant in the center of the welds.
The secondary dendrite arm spacing in the center of
the fusion zone was found to be larger in LFC welds
(4.9 ± 0.6 lm) than in SFC welds (2.2 ± 0.2 lm). The
secondary arm spacing increased with welding energy
(Figure 5).[23]
Adabasi et al. found a similar positive correlation
between the secondary dendritic arm spacing and the
welding energy for Haynes 188 alloy.[14] The difference
between Odabasi et al.’s results and those of this study
may be due to the fact that Odabasi et al. used CO2 laser
welding, and a CO2 laser beam has a wavelength ten
times greater than that of a Yb:YAG laser beam.
Additionally, their sheet thickness was 2.1 mm, i.e.,
thicker than that of this study. The energy input to the
surface of the sheet was therefore less important in their
study.
EBSD analyses were performed on cross-sections
(LT-ST plane) and longitudinal-sections (RD-LT
plane). Figure 6 shows an inverse pole figure of Z0
mappings in the LT-ST plane of welds obtained in
optimized LFC and SFC. The columnar grains grew
from the parent metal to the center of the fusion zone,
creating an interface at the center. Texture measure-
ments were taken at the center of the welds and close to
the BM (areas A and B). The intensity of the poles of
the {100} planes family was greater in the center of the
fusion zone (area B) than near the parent metal (area
A). This difference in intensity was particularly obvious
for the welds obtained in LFC. This can be explained
by the selection of well-oriented grains during solidi-
fication. Furthermore, the columnar grains in the
fusion zone were finer in the welds made in SFC. They
tended to be smaller close to the parent metal and
larger toward the center of the fusion zone. This grain
size expansion is due to preferred growing conditions,
Fig. 2— Beam caustic, weld macrograph, and distribution of the laser beam power density in optimized conditions for both fiber configurations.
and it causes the columnar grain crystallographic
direction h100i to align with the heat flow direction.
The microstructure in the fusion zone during solidifi-
cation thus depended strongly on the microstructure of
the parent metal and the welding conditions. The
parent metal acted as a substrate on which columnar
grains grew epitaxially.
EBSD additional observations were made in the
RD-LT plane at the center of the sheet (Figure 7). They
show that the grains grew perpendicularly to the
solidification front at the center of the weld in view of
the high welding speed.
The density of carbides in the weld compared to that
in the parent metal was determined by X-ray diffraction.
The analyses were performed in the RD-LT plane and
included all types of weld beads (FZ, HAZ, BM). Each
measurement point corresponds to a volume of sample
analyzed in transmission over the whole thickness of the
sheet. Two consecutive points were spaced by 100 lm.
Figure 8 shows the ratio of the diffraction intensity by
Fig. 3— SEM micrographs (backscattered electron mode) of optimized welds.
Fig. 4— Dendritic and cellular zones in the welds determined from optical observations at high magnification. SEM micrographs of the center of
the welds.
the (422) planes of M6C precipitates with respect to the
diffraction intensity by the same planes in the parent
metal for welded joints made in LFC and SFC,
respectively. This figure provides information on the
density of this type of precipitate in the different zones
of the welded joint. Given that some welded joints were
‘‘keyhole shape’’ or ‘‘conduction shape,’’ some analyt-
ical points corresponded to several zones (BM, HAZ,
FZ). To interpret these data at best, the location of each
measurement point is highlighted on each profile. The
intensity ratio was much smaller in the fusion zone, but
remained non-zero in both welding configurations. A
precipitate gradient was observed between the BM and
FZ for the welds obtained in LFC, while no such
gradient was visible for the welds obtained in SFC. Note
that the decrease in the intensity ratio towards the center
of the weld obtained in SFC is also attributable to
changes in the analyzed volume ratio (Vweld / VBM).
Fig. 5— Dendrite side arm spacing as a function of the welding
energy.
Fig. 6— EBSD inverse pole figure (IPF) Z0 maps in the LT-ST plane of optimized welds (top). Texture intensity measured in areas A and B
(bottom).
Fig. 7— EBSD inverse pole figure Z0 maps in the RD-LT plane of optimized welds.
Fig. 8— Location of the X-ray diffraction analysis of Haynes 188 welds obtained in SFC and LFC, respectively (top). Diffraction intensity ratio
by the (422) planes of M6C precipitates in the weld with respect to the base metal.
Fig. 9— Tensile curves along the direction transverse to the optimized weld obtained either in SFC or LFC. SEM images of the SFC (top) and
LFC (bottom) weld fracture surface.
C. Mechanical Properties of Optimized Welds
The stress-strain curves measured along the transverse
direction to the weld seam of Haynes 188 are shown in
Figure 9. They are very similar to that of the parent
material also shown in Figure 9. The mechanical prop-
erties of welds differed mainly according to the type of
fiber configuration, with a larger mechanical strength
obtained with SFC samples and comparable to that of
the reference alloy. The mechanical properties of the
welded samples are given in Table II. By contrast to the
mechanical strength, the ductility of SFC samples
remained substantially lower. SEM observations of
fracture surfaces also indicate a ductile failure, as well
as the presence of dimples whose size depended on the
fiber configuration. The SEM observations of the
fractured samples showed that LFC welded samples
had larger dimples. The better tensile properties
observed for SFC samples with respect to LFC samples
can be attributed in part to smaller dendritic spacings.
The local deformation fields in the welds were
determined by digital image correlation (Figure 10).
For the SFC welds, polishing reduced the deformation
gradient induced by gutters at the edge of the weld. The
FZ deformed less than the BM. This result is however to
be taken with caution given the small difference in
deformation levels between the two zones. By contrast,
we observed a significant deformation in the fusion zone
of the LFC weld, regardless of the topography of the
weld. This suggests different mechanical properties of
SFC and LFC welds.
The study of the local mechanical properties of the
weld seams was complemented by tensile tests along
the welding direction on samples cut out with a laser
around the weld seam. Given the welds geometry, the
microstructure of the specimens may be heterogeneous
and thus contain some parent metal. Both sides of the
active area were polished with a grain size of 1200
(ANSI Grit size) to remove any effect of the topogra-
phy of the weld. The tensile curves are shown in
Figure 11. The maximum tensile strength of the fusion
zone given in Table II is only 9 pct smaller than that of
the Haynes 188 alloy, while the ductility values of the
Table II. Mechanical Properties of Welds in the Transverse and Longitudinal Directions
Direction of Solicitation Sample Ultimate Tensile Strength (MPa) Elongation (Pct) Zone of Rupture
Transverse direction SFC 975 ± 4 39 ± 0.1 fusion zone
Transverse direction LFC 879 ± 11 27 ± 0.4 fusion zone
Longitudinal direction SFC 917 ± 9 32 ± 0.9 fusion zone
Longitudinal direction LFC 850 ± 10 35 ± 3 fusion zone
Rolling direction parent metal 974 ± 37 57 ± 1.7 —
Long transverse direction parent metal 997 ± 12 55 ± 1 —
Fig. 10— Comparison of deformation fields in welds at a stress of 750 MPa before and after polishing.
melted regions were reduced by a factor of nearly two.
The fracture surfaces of the test pieces were observed
by SEM and are shown in Figure 11. The fractography
of tensile specimens showed a ductile fracture with the
presence of dimples of the same size as those already
observed on the fracture surface of welded joints
subjected to stress in the transverse direction to the
weld. In addition, an interdendritic fracture was
observed.
IV. CONCLUSIONS
Three laser welding parameters (power of the laser
source, welding speed and diameter of the laser beam at
the focal point) were determined to ensure optimal
weldability of the Haynes 188 alloy in agreement with
EN ISO 13919. The minimum energy required for
welding was reached very quickly in SFC due to the
small beam diameter at the focal spot. The power should
therefore not be excessive in SFC to avoid the risk of a
collapse of the bath; the welding speed and the focal
diameter, on the contrary, must be very high. Con-
versely, welding in LFC implied a smaller heat input
energy, which in turn required a higher laser power and
a reduced welding speed.
From multiple regression models, optimum parame-
ters were calculated according to given geometric
criteria. Similar welds realized in SFC were obtained
in the keyhole mode, while LFC welds were obtained
mainly in the conduction mode. Cell growth was
observed near the parent metal, while dendrites were
found at the center of the weld. The proportions of these
different zones depended on the type of weld and thus
on the welding conditions.
The mechanical strength of the SFC welds in the
transverse and longitudinal directions was greater than
that of the LFC welds. Microstructural differences
between these welds were found in terms of the content
of carbides, proportion of cellular and dendritic sub-
structures, and the size of these substructures. These
differences could explain the different mechanical prop-
erties of the two types of welds.
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